Background: Stress vulnerability has been implicated in adolescent chronic fatigue syndrome (CFS), but has rarely been investigated directly. This study compared psychological and physiological responses to a laboratory social performance task in adolescents with CFS with chronic illness (asthma) and healthy control groups. Methods: Adolescents with CFS (n = 60), adolescents with asthma (n = 31) and healthy adolescents (n = 78) completed questionnaires before and after a social performance task. Skin conductance responses (SCR; mean SCR and MaxMin) and heart rate variability (low frequency/high frequency; LF/HF and root mean square difference of successive RR intervals; RMSSD) was measured before, during and after the task. Results: Baseline heart rate variability (HRV) (RMSSD) was significantly lower in the CFS and Asthma groups than the HC. During the speech, the CFS and Asthma groups had higher HRV (LF/HF) than the HC, adjusting for baseline LF/HF. Although the asthma group showed a subsequent reduction in HRV during recovery, the CFS group did not. Similarly, during recovery after the task, the CFS group showed a continued increase in skin conductance (Min-Max), unlike the Asthma and HC groups. Compared to control groups, adolescents with CFS expected to find the task more difficult, were more anxious beforehand and afterwards, rated it as more difficult, evaluated their performance more negatively and had lower observer ratings of performance. Parents of adolescents with CFS expected that their child would perform less well in the task than parents of control participants. Conclusions: Adolescents with CFS showed autonomic nervous system responses that are consistent with chronic stress vulnerability, difficulty coping with acute stress and slower recovery after acute stress. Self-report measures also indicated greater trait, pre-and posttask anxiety in the CFS group.
Introduction
Chronic fatigue syndrome (CFS) is characterised by severe fatigue which is present for more than 50% of the time, not accounted for by organic illness and is disabling -affecting both physical and mental functioning. Other symptoms are common, such as headaches, sleep problems, difficulties with concentration and muscle and joint pain. In the United Kingdom, children and adolescents can be diagnosed after symptoms have been present for 3 months (Royal College of Physicians, 1996) . This condition can be associated with significant school absenteeism (Crawley, Emond, & Sterne, 2011) and potentially serious adverse effects on physical, emotional and intellectual development (Nijhof et al., 2016) .
Many researchers have suggested that stress is a factor contributing to the aetiology and maintenance of CFS symptomatology, for example, in terms of premorbid temperamental stress vulnerability (Lievesley, , a persistent elevated stress response (Wyller, Malterud, & Eriksen, 2009 ), a 'crash' in the neurobiological stress system (Houdenhove, Van Den Eeede, & Luyten, 2009) or dysregulated stress signal sensitivity (Strahler, Skoluda, Rohleder, & Nater, 2016) . It has been proposed that chronic stress may be involved in the pathophysiology of CFS via mechanisms such as chronic low-grade inflammation, sustained oxidative stress, mitochondrial dysfunction, impaired energy metabolism in the central nervous system and a hypometabolic state (Tanaka et al., 2015; Strahler et al., 2016; Naviaux et al. 2016) .
Consistent with suggestions of stress system dysregulation, adolescents with CFS have lower daily cortisol output than healthy adolescents (Rimes, Papadopoulos, Cleare, & Chalder, 2014) , and hypocortisolism is known to be associated with chronic stress (Miller, Chen, & Zhou, 2007) . Adolescents with CFS have higher scores on anxiety questionnaires than both healthy and illness (rheumatoid arthritis) controls (Rangel, Garralda, Hall, & Woodham, 2003) and elevated depressive symptomatology (Bould, Collin, Lewis, Rimes, & Crawley, 2013) . Prospective studies indicate that psychological problems are a risk factor for chronic fatigue onset (Collin et al., 2015; Rimes et al., 2007; Ter Wolbeek, van Doornen, Kavelaars, & Heijnen, 2007) . However, there is limited direct evidence of abnormalities in stress reactivity in adolescents with CFS.
Physiological responses to stress are very complex and are partly controlled by the sympathetic nervous system, which stimulates the 'fight or flight' response and interacts with the parasympathetic nervous system. One measure of sympathetic nervous system activity is skin conductance, which reflects sweat gland activity. Adults with CFS have been found to have higher skin conductance during a stressful task than healthy individuals (Rimes, Ashcroft, Bryan, & Chalder, 2016) . Skin conductance responses (SCR) to stress have not been previously reported in adolescents with CFS.
Another measure of nervous system activity, which can reflect both sympathetic and parasympathetic nervous system activity, is heart rate variability (HRV). HRV refers to variation in the time interval between heartbeats. Effective stress responsivity relies on rapid cardiac autonomic nervous system modulation. HRV disturbance has also been identified across numerous physical and psychiatric conditions (Kemp & Quintana, 2013; Koenig, Kemp, Beauchaine, Thayer, & Kaess, 2016) . It has been argued that HRV disturbance is a transdignostic psychophysiological marker of risk for physical and psychiatric health problems (Thayer, Ahs, Fredrikson, Sollers, & Wager, 2012) .
The evidence is inconsistent in relation to HRV abnormalities in adolescents with CFS using the 'head-up tilt test' in which participants are tilted from a horizontal position. Some studies using this task have found HRV abnormalities in adolescents with CFS such as enhanced sympathetic and attenuated parasympathetic nervous activity (e.g. Wyller, Saul, Amlie, & Thaulow, 2007) . In contrast, Wyller et al. (2014) did not find an abnormal response to the standard version of this task, whereas when asked to imagine standing upright, adolescents with CFS showed a significantly stronger increase in sympathetic predominance compared to healthy controls. This indicates that abnormal responses to the headup tilt task in adolescents with CFS are not purely the result of the gravitational challenge. However, previous HRV studies have not measured other possible contributory factors such as expectations or anxiety.
The current study investigated autonomic responses to a social performance task designed to induce stress, in adolescents with CFS compared to adolescents with another chronic condition (asthma) and healthy adolescents. It was predicted that SCR would be significantly higher in the CFS group than the other two groups in anticipation of, during and after the task. For HRV it was expected that CFS participants would have higher low frequency/high frequency (LF/ HF) (reflecting high sympathetic and/or low parasympathetic heart rate control) and lower RMSSD HRV, indicating low parasympathethic heart rate control.
It was hypothesised that adolescents with CFS would report more anxiety, lower performance expectations and greater expected difficulty than the other two groups. Parental ratings of their expectations for their child's anxiety and performance were expected to show a similar pattern.
Methods

Design
Adolescents with CFS were compared to an illness control group (adolescents with asthma) and a healthy control group. For the physiological measures, a group (CFS, asthma and healthy) by time (social task vs. recovery period) design was used in which baseline scores were entered as covariates. For the self-report measures the design was group (CFS, asthma, healthy) by time (pre-and posttask).
Participants
Sixty adolescents who fulfilled the Oxford criteria for CFS (Sharpe et al., 1991) were recruited from treatment waiting lists at King's College Hospital or Great Ormond Street Hospital in London. An additional participant decided not to undertake the task because he was too nervous and his data are not included here. Thirty-one adolescents diagnosed with asthma and who used medication were recruited from general practitioners. All used inhalers (salbutamol or salmeterol plus fluticasone propionate); in addition five used cetirizine hydrochloride and two used montelukast. Healthy individuals (n = 78) were recruited from local schools. Individuals who had suffered from CFS or asthma in the past were excluded from the healthy control group. A history of psychiatric disorder was an exclusion factor for both control groups. All participants were aged 11-18 years. Participants were asked to bring a parent with them; a parent attended with 56 of the adolescents with CFS, 21 of the adolescents with asthma and 60 of the healthy adolescents.
Procedure
Written informed consent was provided by adolescents and one of their parents prior to participation. Participants were sent questionnaires to complete beforehand. They attended the clinic with one parent who waited in a separate room. A baseline physiological recording was taken with the participant sitting in a quiet room for 5 min, before task instructions were provided. Participants were asked to give a 3-min speech on a topic of their choice to the experimenter, which was filmed, using the procedure by Rapee and Lim (1992) . They were told that the experimenter would evaluate their performance and that the film was being made to allow a performance evaluation by independent raters later on. The task elicits a level of stress that is manageable for adolescents (Rapee & Lim, 1992) . Before and after completing the experimental task, participants were asked to complete ratings of their expectations, performance, perceived difficulty and anxiety. At the end, participants were debriefed and had the opportunity to talk about their feelings about the task.
Self-report questionnaires. Ethnicity information was collected in the standard format as used in the clinic; due to small numbers of participants in groups other than White British, the minority ethnic group numbers were combined for group comparisons. All standardised questionnaires used (described below) have satisfactory validity and reliability in general population samples.
Children's Depression Inventory (CDI) (Kovacs & Beck, 1977) : The CDI measures symptoms of depression during the past two weeks. The original form has 27 items (scored 0-2) with higher scores indicating greater depressive symptomatology. Here, items that referred to symptoms or common consequences of CFS were excluded (items 15, 16, 17, 19, 23) .
State-Trait Anxiety Inventory for Children (STAI-C) (Spielberger, 1973) : The 20-item trait anxiety subscale of the STAI-C was used here. Respondents indicate what they generally feel by reporting the frequency of occurrence of anxiety-related feelings and symptoms; (1) almost never, (2) sometimes, (3) often, (4) almost always.
Social Phobia and Anxiety Inventory for Children (SPAI-c) (Beidel, Turner, & Morris, 1995) : The SPAI-C is a 26-item scale assessing symptoms of social phobia and social anxiety in children and adolescents. The maximum score is 52 with higher scores indicating greater social anxiety severity. A clinical cut-off score of 18 or above is recommended.
Visual Analogue Scales: After the task instructions and after completing the task, participants completed 0-100 visual analogue scales regarding anxiety at that moment in time. They were also asked 'How well do you think you are going to do on this task?' and 'How difficult do you think you're going to find this task?' with higher ratings indicating higher anxiety, expected performance and expected difficulty. After the task they completed similar ratings regarding anxiety, performance and difficulty -'How well do you think you did on the task?' and 'How difficult did you find the task?'. After an explanation of the task by the researcher, parents were asked to make similar ratings on how they thought their child would feel and perform on the performance tasks. They made these ratings on the day of the experimental tasks, while the child was not in the room.
The Speech Evaluation Questionnaire (Harvey, Clark, Ehlers, & Rapee, 2000) which included positive and negative indicators of performance (e.g. understandable, confident, clear voice, awkward) was completed by adolescents afterwards. (Due to administrative error the number completing this questionnaire is lower than for other questionnaires). Two independent raters separately rated each video using the Speech Evaluation Questionnaire. The raters were four research assistants who were blind to group membership.
Heart rate variability and skin conductance response Continual measurements of heart rate (HR) and skin conductance were recorded using Powerlab 26T hardware and LabChart Pro Software (ADInstruments; www.adinstrume nts.com).
Heart rate was measured using a finger pulse transducer on the second finger of the nondominant hand, which was chosen as being less intrusive than chest ECG. The pulse signal was sampled at 200 mV to ensure optimum resolution. HRV power spectra were calculated by means of fast Fourier transform. The LF/HF ratio was calculated as a measure of frequencydomain HRV (Ori, Monir, Weiss, Sayhouni, & Singer, 1992) . The root mean square of successive differences in adjacent beat-to-beat intervals (RMSSD) was also derived, an index of HRV in the time domain, primarily reflecting parasympathetic modulation of the heart rate.
For skin conductance, electrodes were attached to the index and ring fingers of the nondominant hand. The electrodes have a low, constant voltage AC excitation (22mVrms at 75 Hz). A minimum response amplitude of 0.05 ls was used. Mean skin conductance (ls) and the amplitude of the response (the 'MaxMin response') were extracted.
The number of participants with usable HRV and/or SCR data (shown in Tables 3 and 4) was lower than for other parts of the study due to technical problems with the PowerLab or the data produced.
Physiological data were recorded in three blocks: Baseline (5 min), during the social performance task (3 min) and during recovery (30 min after the task, for 5 min).
Data preparation and Statistical Analyses
Analyses were completed using IBM SPSS Statistics version 22.0 (IBM Corp., Armonk, NY). No serious violations of normality were identified for all variables. To compare the groups on ratings of expectations, performance ratings, anxiety and parental ratings, one-way ANOVAs were conducted. Repeated measures ANCOVAs were used to investigate changes in variables over time, controlling for baseline scores. Significant effects were investigated further with paired t-tests or one-way ANOVAs or ANCOVAs as appropriate. Bonferroni correction was used for multiple comparisons.
Results
Participant characteristics
Of the CFS group, 93.8% had been fatigued for 6 months or more; the remaining had been fatigued for at least 3 months. There were no significant group differences in age, sex, ethnicity, main carer or social anxiety (see Table 1 ). The CFS group had significantly higher scores on measures of trait anxiety than the other two groups which did not 
Expectations, performance and anxiety
One-way ANOVAs were conducted to compare the groups on ratings of expectations, performance and anxiety (see Table 2 ). The healthy control group expected to perform better than either of the other two groups. The CFS group expected the social performance task to be more difficult than the other two groups. The CFS group had higher pretask anxiety ratings than the other two groups. The healthy controls rated their performance more highly than the other two groups. The CFS group found the task more difficult and were more anxious posttask than both of the control groups. Self-and observer ratings of social performance on the SEQ were lower for the CFS participants than for the other two groups.
Parental expectations for the child
The ANOVAs (see Table 2 ) indicated that parents of the adolescents with CFS gave lower ratings for how well they expected their child to do on the task than parents for the asthma and healthy control groups. Parents of adolescents with CFS and asthma expected their child to find the task more difficult than parents of healthy adolescents. Parents of adolescents with CFS expected their child to be feeling more anxious before the task than mothers of healthy children; the asthma group's parental ratings were not significantly different from the other two groups.
Group comparison for baseline skin conductance and heart rate variability
One-way ANOVAs indicated no significant differences in baseline skin conductance, HR, LF or HF power or LF/HF ratio (see Table 3 ). There was a significant group difference in RMSSD. Post hoc comparisons indicated that the CFS group had significantly lower RMSSD than the healthy adolescents. RMSSD for the asthma group did not differ significantly from the other two groups. The group difference in RMSSD remained significant when controlling for trait anxiety, but when controlling for depression, it became nonsignificant (F(2,147) = 2.9, p = .06).
Physiological parameters before, during and after social performance task
Repeated measures ANCOVAs were conducted to compare the three groups on the physiological measures during the speech and in the recovery period, covarying for the baseline measure (see Table 4 ). For Mean SCR there were no significant effects. For Min-Max SCR there was only a time by group interaction. Post hoc analyses indicated that the CFS group showed a significant increase in Min-Max SCR between speech and recovery whereas the other groups showed no significant change.
Heart rate and RMSSD both showed significant effects of time only. HR increased significantly between baseline and speech and then decreased significantly between speech and recovery. RMSSD also increased between baseline and speech but showed no significant change from speech to recovery.
For LF and HF, there were no significant effects. For the LF/HF ratio there were significant effects of time and group and also a time by group interaction. One-way ANOVAs and post hoc comparisons indicated that during the speech phase, the HC had significantly lower LF/HF than the CFS and Asthma groups, which did not differ significantly from each other. There was no significant group difference in LF/HF during recovery. Post hoc analyses indicated that the Asthma group showed a significant decrease between speech and recovery, whereas the other two groups did not.
When the ANCOVAs were repeated, controlling for trait anxiety or depression, the effects described above remained significant. Values sharing a superscript do not differ significantly. 
Discussion
Adolescents with CFS and asthma had lower baseline RMSSD HRV than healthy adolescents, a group difference which became just nonsignificant when controlling for depression. During the speech, both CFS and asthma groups had significantly greater LF/HF HRV than the healthy adolescents and this effect remained after adjustment for depression or trait anxiety. Unexpectedly, the skin conductance response in the CFS group continued to increase during the recovery period, unlike the other two groups. Self-report ratings showed lower performance expectations and posttask evaluations and greater anxiety in the CFS group relative to the control groups. The abnormally low HRV (measured by RMSSD) in the CFS group relative to healthy adolescents may indicate that the CFS participants have lower parasympathetic modulation of their heart rate. This could indicate a reduced ability to cope with stressors that tend to destabilise blood pressure. Although the group difference became nonsignificant when analyses were repeated controlling for depression questionnaire scores, it should not be concluded that the abnormality is necessarily a result of depressive symptomatology. It has been argued that unusually low resting HRV reflects a transdiagnostic, general biomarker of reduced ability to adapt to stress (Beauchaine & Thayer, 2015) . Therefore, this may reflect a risk factor or set of risk factors that influence susceptibility to both CFS and depression. The lack of significance between the CFS and asthma group is likely to be a power issue.
During the speech task, LF/HF was significantly higher in the CFS group and asthma group relative to healthy controls. Although the group differences were not significant for HF power, the CFS participants had lower HF power during speech and recovery than at baseline, whereas the other two groups showed the converse pattern. The current pattern of findings may indicate that adolescents with CFS had lower vagal modulation of heart rate during the stressful task, with increased sympathetic heart rate control also possibly playing a role. The HF and LF/HF changes in the current study are consistent with Wyller et al.'s (2007) finding of a greater increase in the LF/HF ratio and greater decrease in HF power in the CFS group compared to healthy adolescents when undergoing a head-up tilt test. This is the first study to demonstrate HRV abnormalities in adolescents with CFS in response to a socially stressful task, and after controlling for depression or anxiety.
When asked 'how well do you think you will do at the task?', both chronic illness groups gave lower expectation ratings than those of the healthy controls, so their lower HRV during the speech task may reflect a greater perception of challenge for both illness groups. However, the CFS group expected to find the task more difficult than the other two groups and were more anxious beforehand. It is possible that this anxiety impaired their performance, as observers rated performance in the CFS group as lower than the other two groups. It is possible that the CFS participants had greater anticipated difficulty and anxiety because they believed their CFS symptoms would interfere with their ability to perform. However, it is possible that anxiety tendencies were present premorbidly, with evidence from prospective studies that anxiety and depression are risk factors for chronic fatigue onset (e.g. Rimes et al., 2007; Ter Wolbeek et al., 2007) . A prospective study would be required to investigate whether differences in physiological and psychological responses to acute stressors predict subsequent CFS onset.
Although both the CFS and asthma groups had higher LF/HF during the speech task than the healthy controls, only the asthma group showed a significant subsequent decrease during the recovery period. The group by time interactions were not significant for LF and HF, but the CFS participants showed a decrease in HF between speech and recovery, whereas the asthma group showed the opposite pattern. In contrast, LF increased from speech to recovery in the CFS group but decreased in the asthma group. The findings may indicate that CFS adolescents had an impaired parasympathetic nervous system response during recovery from a challenging task, as well as possibly continued or increased sympathetic nervous system activity. Similarly, the CFS group showed a continued increase in Min-Max SCR (a marker of sympathetic nervous system activity) during the recovered period unlike the other two groups. Furthermore, the CFS group reported greater anxiety both before and after the task than the other two groups. These are consistent with suggestions that CFS is characterised by persistent stress arousal (Wyller et al., 2009) . Future research could investigate whether psychological processes such as posttask rumination may contribute to persistence in arousal after a stressful event.
Parents of both the CFS and asthma groups expected that their child would find the task more difficult than parents of healthy participants. This may be because they anticipate that their child's condition will interfere with their ability to do the task and/or to make them more anxious about the task. In support of the latter, expected anxiety ratings in the parents of the adolescents with CFS were significantly higher than those for the healthy controls; parental anxiety ratings for the asthma group were similar to the CFS group and probably did not differ significantly from the healthy controls due to insufficient power. In contrast, parents of adolescents with CFS expected that their child would perform less well in the task than parents of both control participants, and indeed this expectation was accurate with regard to lower observer ratings of performance for the CFS group. Future research could investigate in more detail parental understanding of why their children find social performance tasks difficult, any impact of parental expectations on the adolescent and ways in which parents can best support their child.
Cognitive behaviour therapy is an effective treatment for paediatric CFS (Chalder, Deary, Husain, & Walwyn, 2010) and stress vulnerability can be addressed within this framework. Prevention strategies to help improve stress awareness and management techniques in young people may not only help to reduce the risk of CFS but would have broader benefits as stress is implicated in many physical and psychiatric conditions.
Only participants able to travel to the hospital were included, due to the need to standardise testing conditions, and the results cannot be assumed to generalise to adolescents with CFS who are housebound. The group were mainly White British and further research is needed with more participants from other ethnic groups. Future studies could use a talking baseline task to match the speech condition. The speech task lasted 3 min to ensure the stress was manageable for participants, whereas the baseline and recovery recordings lasted 5 min; future research could use periods of identical duration. Another limitation was the smaller group size for the asthma participants due to recruitment difficulties. This may have limited the power to detect group differences in some analyses and meant it was not possible to apply more stringent adjustment of alpha values to account for the number of measures under investigation. Future studies should be sufficiently powered to support multivariable models and should use these findings to inform power analyses. Asthma participants had been required to take medication to help match for symptom severity but the adrenergic effects of this medication should be taken into account when interpreting the findings. Future research should include alternative illness control groups.
In conclusion, the baseline difference in RMSSD HRV in the adolescents with CFS relative to healthy adolescents may reflect chronic physiological difficulty adapting to stressors. The greater LF/HF HRV during the task in both CFS and asthma groups suggests impairments in coping with acute stress. This may in part relate to the lower pretask performance expectations in both of these groups compared to healthy individuals. Thirdly, the failure of the CFS group to show reductions in HRV during the recovery period, the continued increased in SCR and the greater ratings of posttask anxiety may reflect slower recovery from stress compared to adolescents with asthma or healthy individuals. The role of disturbances in stress vulnerability in adolescents with CFS requires further investigation.
